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Climate action requires new accounting guidance
and governance frameworks to manage carbon
in shelf seas
Tiziana Luisetti 1✉, Silvia Ferrini 2, Gaetano Grilli1,8, Timothy D. Jickells3,
Hilary Kennedy 4, Silke Kröger 1, Irene Lorenzoni3, Ben Milligan 5,
Johan van der Molen6, Ruth Parker1, Tim Pryce 7, R. Kerry Turner2 &
Emmanouil Tyllianakis 1,9
Accounting guidelines exist for the recording of carbon flows in terrestrial and coastal eco-
systems. Shelf sea sediments, while considered an important carbon store, have yet to
receive comparable scrutiny. Here, we explore whether effective management of carbon
stocks accumulating in shelf seas could contribute towards a nation’s greenhouse gas
emissions reduction targets. We review the complexities of carbon transport and fate in shelf
seas, and the geopolitical challenges of carbon accounting in climate governance because of
the transboundary nature of carbon flows in the marine environment. New international
accounting guidance and governance frameworks are needed to prompt climate action.
Integration of natural capital into physical and economic accounts is being examined by manycountries worldwide1. An important aim of such integrated accounts is to support theimplementation of the UN Sustainable Development Goals (SDGs) and multilateral envir-
onmental agreements such as the UN Framework Convention on Climate Change (UNFCCC).
Carbon sequestration, commonly defined in the natural sciences literature as the processes of
carbon capture and storage, is an important element of such accounts because it may contribute
towards a nations’ greenhouse gas emissions reduction contributions within the 2015 Paris
Agreement and previous obligations under the UNFCCC Article 4 (Parties commitments to
mitigate climate change)2.
Vegetated terrestrial systems such as forests sequester, capture and store carbon in their
biomass and the soil beneath them. A similar process occurs in the marine environment where
vegetated marine systems, such as salt marshes, mangroves and seagrass meadows, capture and
store carbon. Not all carbon fixed by these systems (i.e. turned into biomass) becomes stored in
the soil where it was produced; a fraction is eventually transported and stored (i.e. buried) in
coastal or offshore shelf sea sediments. Shelf sea sediments not only store detritus generated by
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terrestrial and coastal vegetation, but also carbon inputs gener-
ated from phytoplankton productivity and other carbon sources
(e.g. macroalgae) throughout the shelf seas and adjacent ocean
environment. However, we still do not know what fraction of the
accumulating organic matter, herewith termed as particulate
organic carbon (POC), is derived from each of the potential
sources listed above. Wide regional variations in the composition
of the accumulating sediment are to be expected due to multiple
and divergent organic matter sources3–5. Information is lacking
also on the amount of organic carbon produced that becomes
ultimately buried in shelf sea sediments.
Terrestrial vegetated ecosystems, including coastal ecosystems,
which are classified as managed lands and which sequester car-
bon, are recognised by the UNFCCC through various governance
mechanisms6. Marine ecosystems, in contrast, are less well
represented and managed7. General obligations stated in Article 4
of the UNFCCC require all Parties to compile inventories of
emissions by sources and removals by sinks based on specific
Intergovernmental Panel on Climate Change (IPCC) guidelines.
Given the sediments’ organic carbon density (8.8 mgC cm−3) and
the large area of shelf seas (Table 1), which is ~7% of the global
marine area8,9, and considering that they are a potentially man-
ageable carbon store, we suggest that carbon sequestration in shelf
sea sediments should be considered within the scope of both
IPCC inventory and environmental–economic accounting
methodologies. Proper management of the carbon currently
sequestered into these invisible stores, in fact, may play a sig-
nificant role in mitigating climate change. We consider the
opportunities, challenges and benefits of the preservation of shelf
sea sedimentary carbon as a contribution to climate change
mitigation by considering the following critical questions: How is
ownership of carbon stocks in shelf sea sediments distributed?
How should these carbon stocks be measured and registered in
national carbon accounts? What arrangements can be made to
ensure the conservation of the carbon stocks?
This review outlines the uncertainties about carbon sources in
the marine environment and carbon transport, and the potential
scale of carbon storage in shelf seas, and then examines the
potential governance and management of this carbon. Current
evidence suggests that, due to transport of carbon in organic
matter (i.e. POC) by water currents, the long-term burial of
carbon in shelf sea sediments may occur in different territorial
waters to those in which it is produced (Fig. 1). This has
important consequences for the physical and economic
accounting of carbon.
We explore options to address the complexities of organic
carbon production, transport and distribution in shelf seas within
the technicalities of physical and economic accounting systems
for carbon reporting looking at (i) common pool resources10 and
(ii) the governance and management of carbon sequestered in
shelf sea sediments.
We summarise the most relevant insights from biogeochem-
istry, environmental economics, governance and management of
carbon in the marine environment. These elements are all fun-
damental to understand: (i) the fate of carbon in the marine
environment; (ii) the national physical inventory and economic
accounting of this carbon; (iii) the economic value of carbon
sequestration in the marine environment; and (iv) the national
and international governance for the sustainable management of
this natural resource. We use the well-studied North Sea11 as a
real-world example to illustrate the complexities involved. We
draw this material together to show the scale of the carbon
stores in the marine environment and contemplate how they
might be incorporated into carbon management schemes in order
to contribute to meeting the 2015 Paris Agreement goals of
limiting the global temperature rise well below 2 °C, possibly
below 1.5 °C2.
Carbon stocks in shelf sea sediments
The world’s oceans currently take up as much as 25% of anthro-
pogenic carbon dioxide (CO2) emissions (1.9 × 1015 g y−1)12,13.
While other gases such as nitrous oxide and methane contribute to
climate change, we only focus on the fate of CO2 in the marine
environment because CO2 emissions from anthropogenic activities
contributed the greatest proportion to the increase of greenhouse
gases over the period 1970–201014,15. The CO2 is stored
throughout the water column where it can be isolated from air–sea
exchange for periods of decades to centuries, while other storage
occurs via carbon burial in marine sediments.
Most CO2 emitted by human activities is trapped within the
ocean and stored in the oceanic water column with a residence
time of 100–1000s of years16. The remaining carbon is stored in
marine sediments with residence times of between 100s and
millions of years. In ocean sediments on the shelf slope
(200–1000 m), or those deeper than >1000 m water depth, storage
is extensive17,18.
Shelf sediments, defined here as those deposited in <200 m
water depth, are less extensive (7.6% of the global marine area)9
but globally sequester as much carbon as tropical forests
(Table 1). Shelf sediment stores are vulnerable to human activities
such as trawling, marine mining and oil and gas exploration, and
<200 m water depths have the potential to release CO2 into the
atmosphere within a year of their disturbance, assuming that the
water column is well mixed. The interface between the shelf and
land is the location for shallower coastal wetland ecosystems, such
as mangrove, tidal marsh and seagrass meadows. Their areal
extent is relatively small (<1% of the global area)19–21, but they
accumulate and store the most carbon per unit area19. Because of
their locations and characteristics, they are most vulnerable to
anthropogenic disturbance and any CO2 released can be directly
emitted into the atmosphere20,22. While there are IPCC guidance
for the management of some coastal wetlands ecosystems in
national GHG inventories, there is currently a lack of any gui-
dance for regions beyond the coastal zone which would be
applicable for management of shelf sea sediments. This is pre-
dominantly because of a lack of mapping of the sedimentary
Table 1 Global estimates of carbon burial in individual
ecosystems defined by their vegetation, and/or
geomorphological characteristics in coastal wetlands, shelf
sediments and tropical forests; illustrating that on a global
scale, the carbon sink in shelf systems is comparable to that
in tropical forests.
Habitat Area 106 ha Org C burial
106 gC ha−1
yr−1
Global C burial
Tg C yr−1
Mangrove 13.7–15.221 1.6249 22.2–24.8
Saltmarsh 2.2–4021 0.9149 2.2–36
Seagrass 17.7–6021 0.4349 7.6–25.8
Shelfa 270098 0.1798 45.298–135.699
Tropical
forests
1962100 0.04100 78.5100
Most of that shelf carbon is buried within ecosystems defined by their geomorphological, rather
than biological, features. While mangroves, saltmarshes and seagrass meadows are important
sinks on a per unit area basis, their extent is relatively small, but significant, as they are
vulnerable habitats to human disturbance. Note that carbon deposition in shelf sediments
(<200-m depth) is roughly equivalent to that in the deep ocean >200-m depth3, and potentially
vulnerable to human activities.
aThe depositional areas on the shelf varies with their geographic setting. The range given for
global C burial represents estimates for a depositional areal extent of muds between 1098 and
30%99 of the total shelf area reported in column two.
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environments and the need for further scientific evidence to
support the effect of management.
Every year, the primary productivity of coastal plant commu-
nities and phytoplankton in surface waters, as well as the delivery
of terrestrial organic matter results in seasonally and annually
variable flux of carbon to the sea floor in the form of POC3. In
cases where there is either restricted transport of carbon inputs by
coastal circulation or where continental shelves lie predominantly
within the domain of a single country, the carbon can be
deposited locally within the jurisdiction of one country. This is
the case, for example, on the west coast of the US, the northern
Chinese margin seas and Siberian shelf seas. In other cases,
depending on the local topography, hydrography and physical
characteristics of the water column where the carbon has arrived
from or been produced, the carbon can be transported for many
hundreds of km and move across national borders where con-
tinental shelf areas are shared and along pathways of water cir-
culation and transport. This is the case in the North Sea where
UK, Belgian, Dutch, German and Danish borders are all within
close proximity of each other, and so water moves rapidly
through national waters (Fig. 2). Whether the carbon fractions
remain within or move across shared boundaries will also depend
on timescales of transport and hydrographic features such as
residual currents, stratification and wave events, which dictate
surface or near bed transport, or other features such as seasonal
jets23–29. On shelves, residual currents are typically in the order of
10−2 to 10−1 m/s, resulting in transport distances of a few km to a
few tens of km per day. Particulate transport becomes different
and difficult to predict when hydrodynamic conditions are quiet
enough, e.g. at neap tides, or during quiet weather, for POC to
settle temporarily to the seabed. A proportion may get buried by
physical processes or biological activity, and biologically
processed until long-term burial or it is remobilised by an erosion
event30–32. These different scenarios in the transport rates and
bed interaction of POC illustrate that transit times across
boundaries can be days to years depending on hydrography
(including seasonal and inter annual variability), sedimentology,
biogeochemical processes and proximity to boundaries. From a
carbon storage and Exclusive Economic Zone (EEZ) point of
view, an approach could be to, for a particular case, identify
different zones where, in comparison to burial rate, transport of
mobile POC (in the water column or as bed-load) is likely to be
quick, intermittent, slow or very slow to negligible. Such areas
would have different status in terms of the transport of POC
generated in situ (or moved in from elsewhere) and hence asso-
ciated sensitivity to anthropogenic disturbance in the sense of
carbon storage.
We focus on the North Sea example to show how challenging
accounting for governance and management of carbon stocks in
the marine environment can be. However, worldwide, most other
shelf seas or continental shelf margins that are bordered by
multiple countries present similar challenges.
The fate of carbon is driven by hydrodynamics and sedimen-
tary processes. Throughout their vertical and horizontal trans-
port, different carbon fractions can be remineralised, depending
on their resistance to decomposition, the hydrodynamics and the
biological communities present. The proportion of each of these
sources that is delivered to the sediment, as well as the rate at
which they accumulate and are stored, can vary with environ-
mental conditions. In the North Sea, one of the main well-
established current patterns carries water and POC anti-clockwise
(Fig. 2), from the north-west along the UK and northern Eur-
opean coast to the main location of burial in the deep Norwegian
trench11,26,33. Thus, depending on the regional geomorphology
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Fig. 1 Transport of carbon across territorial boundaries. Input, production, transport and storage pathway of carbon in marine waters, including
movement across maritime zones of national jurisdiction: territorial sea, Exclusive Economic Zone (EEZ), continental shelf, high seas, and deep seabed. The
rights within each territorial boundary and marine zone relevant to carbon management in the marine environment are summarised for each zone.
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and hydrography, carbon removed from the atmosphere in one
location (e.g. one specific country territorial sea or EEZ), may be
processed during transport, causing the release of CO2, sedi-
mentation of carbon or advection, with the remaining carbon
being ultimately stored in a different location (e.g. another spe-
cific country EEZ). All shelf sea systems are important stores of
organic carbon, but the sites of storage within these systems varies
widely with their different geographic settings18,34,35. Storage of
riverine or coastal vegetative material is influenced by shelf width
and circulation36. The North Sea is an example of a geological
passive margin with a wide shelf. Convergent plate margins (for
example Taiwan), by contrast, create narrow shelves where fluvial
or coastally derived carbon may be exported off shelf and stored
at depths >200 m37.
When organic matter reaches the sea floor as POC, whether
produced locally or advected there, it contributes to carbon that
has already accumulated there. Some of the organic matter will be
fresh and/or easily decomposed, while some will be refractory or
older and more resistant to decomposition31,38. Various physical
and biological mechanisms lead to the incorporation and eventual
burial of the deposited organic carbon30,31,39–41. Thus, the
amount of carbon stored in marine sediments for significant
periods of time depends on the detrital carbon concentration in
the water, accumulation rate in the sediment, controls on remi-
neralisation rates and bio-physical pathways within the bed17,42.
Direct or indirect disturbances of the seabed or changes in water
column conditions can affect many of these processes and thus
the overall carbon stock, storage rates and capacity17,30,43–45.
Anthropogenic activities in the territorial waters of a country
containing significant carbon stocks could result in the release of
carbon that has been undisturbed for centuries or longer. Such
carbon could subsequently be re-deposited locally, transported by
currents and deposited elsewhere, or be remineralised, potentially
leading to CO2 release into the atmosphere. The likelihood of this
release occurring depends on the environmental conditions that
generated that stock. The fate of this carbon (i.e. whether it is
retained within a nation’s EEZ) will ultimately be controlled by
biologically and physically mediated transport processes. Thus,
features like fjords may enhance local deposition, submarine
canyons may enhance off shelf transport43,46 and strong current
flows may enhance long range transport.
Existing accounting frameworks
One of the IPCC’s actions is to support the UNFCCC by pro-
viding standardised and internationally agreed methodologies for
national GHG inventories. In the 2006 IPCC Guidelines47, the
agriculture, forestry and other land use (AFOLU) sector is the
only Inventory sector in which it is possible for countries to
report both GHG emissions and sinks. When the 2006 IPCC
Guidelines were developed, coastal wetlands were not included,
but the 2013 Supplement to the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories: Wetlands (Wetlands
Supplement)48 addressed this omission and acknowledged the
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Fig. 2 Transport of carbon on the North West European shelf. Illustrating the inflows and transport pathways for carbon in the marine environment,
including movement across agreed Exclusive Economic Zone (EEZ) boundaries between [11] countries: (FR) Faroe Islands; (GB) Great Britain; (IRL) Ireland;
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http://www.marineregions.org/eezmapper.php. The main transport pathways on the North West European shelf11,26,67 are based on the main water flow
(residual pathways), which will transport particulate and dissolved forms of carbon and sediment. The flows are largely driven by tides, wind driven
transport, and density driven flows driven by temperature and salinity differences or by Atlantic inflow (white). They vary in strength, rate and depth
depending on season and many cross national EEZ boundaries. EEZ17 and bathymetry (blue scale) from http://portal.emodnet-bathymetry.eu/#. Adapted
from Hill et al.26 and Luisetti et al.66.
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role of mangroves, tidal marshes and seagrass meadows in
helping mitigate climate change through a nature based
solution49,50. However, in any national GHG inventory, their
country’s reporting boundary is defined separately and may not
currently extend below the tidal high-water level. Thus, their
reporting boundary excludes shelf seas, and may have to be
extended seawards to include the maximum depth of seagrass
vegetation51. Although the latest IPCC assessment16 mentions the
relevance of the carbon stored in coastal and marine vegetated
ecosystems, the shelf sea and the deep ocean, at present
accounting guidelines do not include most of these ecosystems.
We illustrate the challenges of producing guidelines for marine
ecosystems by briefly outlining relevant aspects of the current
guidelines covering coastal wetlands.
The storage and loss of atmospheric CO2 from coastal wetlands
has multiple causes. In the IPCC guidelines they are captured by a
gain or loss of above and below ground biomass, deadwood, litter
and soil organic carbon in mineral and organic soils, regardless of
whether these changes occur on-site or offsite. While changes in
areal extent of land-use are identified in GHG inventories, only
emissions and removals connected with managed lands are
reported. Naturally occurring emissions and removals are not
included.
In most Inventory sectors, the distinction between anthro-
pogenic and naturally occurring emissions is clear, but for
AFOLU (including coastal ecosystems) it is more difficult to
discern whether a specific management activity is the unique
driver of any GHG emission or removal. Given this challenge, the
IPCC developed a managed land proxy, which identifies those
land areas where anthropogenic emissions dominate. Countries
can report in their national inventories all GHG fluxes from land
defined as managed land, including coastal wetlands52. It is
accepted that this managed land proxy may only approximate
what occurs in reality, as it is assumed that the natural back-
ground of biologically driven fluxes averages out over time and
space and does not separate direct from indirect anthropogenic
effects, such as those attributed to climate change.
The concept of the managed land proxy has been interpreted in
different ways by countries when compiling their national
inventories. In fact, most countries do not report how they apply
the managed land proxy, and those that do, simply assign all
stated land-uses to managed land, regardless of whether there is
evidence that anthropogenic emissions dominate53. It has been
acknowledged that practical methodologies must be developed
that separate direct from indirect human-induced and natural
effects54,55, but this has not yet been achieved56. Until such
methodologies are established, emissions and removals on man-
aged land are assumed to be only due to direct human manage-
ment activities. In coastal wetlands, carbon emissions and
removals57,58 may be driven by activities that occur within the
wetland itself or be driven by changes in adjacent land sectors,
such as upstream changes in land management. In some
instances, i.e. the Mississippi river network52, the location of
cause and effect were both within the national reporting
boundary. This may not always be the case and in regions
bounded by a number of different countries, management
activities within the national reporting boundary of one country
may result in emissions or removals within the national reporting
boundary of a different country.
Resulting from national reporting for the UNFCCC Inven-
tories, the IPCC represents the most extensive source of carbon
flow data for economic accounting purposes. Carbon flow data
captured within GHG inventories provide the necessary evidence
to complement the current System of National Accounts (SNA)
(i.e. a set of tables using exchange-market values as unit of
measure). SNA tables provide a measure of the economic
activities in a country to determine, among other indicators, their
gross domestic product (GDP), and may be complemented by
carbon stock physical accounts (i.e. a set of tables using natural
science unit of measures)59 to measure the economic contribution
of carbon management strategies.
The System of Environmental-Economic Accounting (SEEA) is
an economic accounting framework aimed at integrating envir-
onmental data with measures of economic activities. The SEEA
Central Framework (CF)60 establishes the rules to account for the
dependency of economic activities (e.g. agriculture, mineral
extraction, energy production) on natural capital assets or stocks
(e.g. land, oceans, soil). The SEEA Experimental Ecosystem
Accounting (EEA)61 sets the framework to link ecosystem ser-
vices flows (e.g. water flows, crops) to economic sectors/activities
organized in a set of tables and accounts. For appropriate
reporting, CF and EEA require data on: (i) physical terms,
through spatially explicit ecosystem maps and accounting tables
(ii) economic measures, where the physical data are monetized
with values (e.g. exchange prices).
The CF and EEA represent an important step in officially
recognizing ecosystem services benefits, such as carbon seques-
tration, to society. EEA61 acknowledges carbon as one of the
ecosystem assets requiring more research, and in the Technical
Recommendations it is defined as a thematic account59; however,
the carbon stored in the marine environment is excluded. In the
EEA, carbon sequestration is defined as the process encompassing
both the service of sequestration and storage of carbon, high-
lighting that “both services are important for ecosystem man-
agement and therefore for ecosystem accounting”61. However,
Edens et al. explicitly subdivide carbon sequestration into two
components: carbon storage (carbon burial) defined as an asset
stock (i.e. the carbon store/sink); and carbon sequestration (car-
bon capture), defined as the marginal change to the stock due to
the annual accumulation62. Therefore, this definition of carbon
sequestration differs from that in the natural sciences, and this
ambiguity can lead to misunderstanding and misreporting of the
economic value of carbon in economic accounts. For example, in
the latest SEEA documents, carbon sequestration is considered a
final service, whereas in the latest Common International Clas-
sification of Ecosystem Services (CICES)63 it is considered as an
intermediate service. Thus, although measurement and valuation
of both flow and stock measures can contribute to a more cost-
effective climate policy, for a comprehensive measurement of
changes in wellbeing over time, the definition of the carbon
sequestration process that includes both capture and storage of
carbon, providing climate regulation as a final service64 and the
global benefit of a healthy climate, should be adopted.
Carbon economics and governance in the marine
environment
The economic value of the ecosystem service of carbon seques-
tration has been estimated in several parts of the world for salt-
marshes, mangroves and seagrass meadows65. Carbon in shelf sea
sediments, however, has yet to receive the same attention,
although there are some emerging studies that explore this pos-
sibility8. Anthropogenic disturbance of shelf sea sediments may
exacerbate climate change effects and reduce human wellbeing
due to potential future welfare damages estimated in the range of
billions of US dollars66. The estimation of the cost of carbon to
society is best expressed as a range of economic values, although
the basis for its estimation is a matter of debate between exchange
price and cost-based positions. It is worth noting that there is
growing mining pressure on seabed resources within the 200-mile
national economic zone boundaries67. So far, the main concern
has been focused on the international waters, such the High Seas,
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which are outside and beyond national jurisdiction and cover
about 60% of the ocean68, and where interactions with the seabed
and water column are subject to a range of bespoke governance
frameworks, underpinned by non-exclusive rights enjoyed by all
countries. However, currently, under the International Seabed
Authority (ISA)69 voluntary commitments for the sustainable
management of mining in the High Seas are starting to emerge.
Coastal and marine vegetated ecosystems are geographically
defined. Therefore, their jurisdictional status within the territorial
boundaries of a country and the ownership within precise
national reporting boundaries are clear, facilitating the accoun-
tably of their management. Financial resources for the con-
servation of these ecosystems may come both from the public and
the private sector. For example, national and international
regulated and voluntary markets for carbon credits trading now
exist around the globe65, including the European Union Emis-
sions Trading System (EUETS). However, since the carbon
sequestered in organic matter (i.e. POC) may be transported in
the water column crossing several territorial waters and jur-
isdictions, POC could be considered a mobile common pool
resource10.
There are many existing examples of mobile and transbound-
ary resource (or pollutant) governance frameworks, which may
provide a reference point for an innovative one aimed to manage
carbon sequestration in the marine environment, through POC,
and related carbon stocks. However, uncertainties around the
underpinning science, lack of new readily available technologies
for monitoring, and political difficulties arising from imple-
mentation and action at the local level of international agree-
ments seem to limit effective governance of common pool
resources and global benefits. For example, the International
Commission for the Conservation of the Atlantic Tuna (ICCAT)
has been considered an institutional failure primarily because of
the monitoring challenges for implementing an appropriate
command and control policy70. An assessment of the National
Biodiversity Strategies And Action Plans (NBSAPs) towards the
achievement of the Aichi Biodiversity Targets of the Strategic
Plan for Biodiversity 2011–2020 within the Convention of Bio-
logical Diversity71 found that national biodiversity targets are
lower than the more ambitious Aichi Biodiversity Targets72. Lack
of political coordination at the local level together with a need to
reform on existing legal frameworks seem to have limited the
success of the Strategic Plan73. In the marine environment, the
new United Nations Convention on the Law of the Sea
(UNCLOS) implementing agreement on ‘the conservation and
sustainable use of marine biological diversity of areas beyond
national jurisdiction’74 gives hope. In the 1980’s, to deal with the
Baltic Sea eutrophication due to a high concentration of nutrients
discharged into the sea through the rivers of several countries, the
Baltic Marine Environment Protection Commission–Helsinki
Commission (HELCOM) was formed. However, HELCOM
measures have not led to significant improvements due to the
isolation and long response time of the Baltic system. Also, the
co-existence of national, European and international governance
within the same geographical area limits the effective imple-
mentation of regional environmental governance in the Baltic
Sea75.
Main challenges for assessment and management of carbon
Large uncertainties regarding the sources and age (e.g. fossil
terrestrial (geologic) or recently created terrestrial or marine
carbon)34,37,76, amounts and timescales of carbon storage, the
carbon transport pathways, and the impact of the different
human activities on net carbon storage still remain77. Some
anthropogenic activities can even have counter-acting effects on
carbon stocks and storage. Interacting drivers make the net effects
as yet difficult to predict both in space and time. Increased water
stratification can isolate bottom waters and cause deoxygenation,
often called dead zones, which changes the carbon breakdown
pathways to slower processes, potentially increasing storage.
Eutrophication and the enhancement of primary production can
also cause formation of these dead zones78. However, this might
not necessarily be considered beneficial, as the negative impacts of
eutrophication on the biota (for example the lack of oxygen) and
ecosystem (changes in food webs) may outweigh the carbon
storage benefits. Other factors such as temperature increase,
productivity decrease, input changes and ocean acidification will
also influence carbon storage. In terms of management, when
making carbon stock assessments and calculating burial fluxes,
the depth to which activities disturb the sediment defines the
depth of sediment where data should be acquired. For example,
10 cm is a depth to which disturbance by human activities, such
as trawling, is likely and is a depth for which most carbon
measurements exist79. However, there are stores of often much
older carbon deeper in the sediments, depths within the sedi-
ments which make them less likely to be disturbed17.
Lack of robust biophysical data for the assessment of carbon
sequestration fluxes and carbon stocks will translate in uncertain
economic valuations. Uncertainty regarding the origin of the
carbon fraction in the marine environment may risk double
counting the benefits of the service of carbon sequestration.
Monitoring of the carbon stock is fundamental to verify any
occurring anthropogenic disturbance of shelf sea sediments and
associated risk of releasing previously stored carbon. However, a
country interested in accounting for the carbon stock in their
territorial waters might need to budget substantial costs for
monitoring the extent of the carbon stock and its fluxes, which
ultimately provide common benefits. Regional agreements, like
OSPAR, that build towards a standardised set of indicators and
shared data collection for national natural capital accounting can
help in this context80.
Although some countries, including the UK, are contemplating
recording the economic value of shelf sea sediments in their
marine natural capital accounts81, uncertainty around the origins
of POC and the vulnerability of carbon stocks limit the accuracy
of the economic valuation. The EEA revision document62 con-
siders carbon accounting still problematic, and for accounting of
marine stocks and flows it suggests looking at how carbon
accounting is done on land. However, translation of lessons learnt
from land accounting to ocean accounting is not straightforward.
Current UNFCCC reporting boundaries for the AFOLU sector
distinguish between managed and unmanaged land47, but this
definition is not aligned with the distinction between cultivated
and non-cultivated land in the SNA and CF.
IPCC guidance on GHG emissions and removals is relatively
well established in coastal wetland settings under national jur-
isdiction, but for the shelf sea sediments new guidelines would
need to be devised. First, inclusion of most of the shelf seas will
require a re-definition of a country’s reporting boundary and to
ensure time series consistency, any changes must also be applied
to previous years’ inventories; second, within these new reporting
boundaries, the extent of managed and unmanaged lands would
need to be mapped or an activity-based approach taken to
assessing emissions and removals. Third, further data and
methodological guidance would be required for assessing GHG
emissions and removals associated with management activities
affecting the carbon stores, including carbon stock as well as flow
accounts82. Fourth, guidance would be required for emissions and
removals associated with a particular activity to decide whether to
include them in the country where the activity originated (e.g.
sediment disturbance) or in the country where the disturbed
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sediment is moved to and eventually accumulates. In this new
setting the sediment may be stored or may again become vul-
nerable to further change. This last challenge is particularly
relevant to a marine setting where the flows of carbon can move
across national reporting boundaries.
Central would be the provision of data to support such
methodological development for specific management activities
in shelf seas. Also, the provision of further guidance would be
needed on whether emissions and removals associated with a
particular activity should be included in the sediment inventories
of the country where the activity occurred, or in the inventory of
another country where some proportion of the disturbed sedi-
ment eventually resided and where it may be finally buried, and
yet still vulnerable to further management activities. Activities
which do not respect national reporting boundaries are already
being identified, such as the change in sediment delivery in the
coastal wetlands of one country caused by upstream dam con-
struction in a different country52. In shelf seas, similar situations
may emerge and could be an important component of a country’s
inventory8. Indirect anthropogenic effects on carbon located in
coastal and shelf seas, including changing inputs from land, ocean
productivity, greater ocean stratification driven by surface
warming, ocean acidification, changes to ocean circulation and
sea level rise16, are potentially significant, and yet any policy
framework for areas beyond national reporting boundaries has
yet to emerge.
Economic accounting of carbon in marine settings is particu-
larly challenging because the definition of marine assets is in
development and the related biophysical information is limited.
The EEA revision process63 explicitly acknowledges the need to
expand the EEA to the marine environment through Ocean
Accounts. The UN Statistical Commission has now endorsed an
ongoing process led by the UN Economic and Social Commission
for Asia and the Pacific (ESCAP) and the Global Ocean Accounts
Partnership to develop specific technical guidance for ocean
accounting consistent with the general principles and approaches
of the SEEA83. Marine data are not always readily available in
central databases, and it is therefore sometimes difficult to extract
required information. The use of international data integration
and sharing would help to overcome these limitations. A com-
plementary account network providing information coming from
other sources outside standard accounts, such as the IPCC
inventories, may also be considered84,85. Other challenges in
harmonising Ocean Accounts with the EEA arise from the mobile
and transboundary nature of the ocean processes. One option
may be to develop multi-regionally accounting via a multi-
regional input–output analysis that overcomes the limit of terri-
torial boundaries and records the transnational economic and
environmental activities86. However, the existing global multi-
regional input–output datasets87 do not currently include ocean
and marine ecosystems. For strict physical accounting purposes,
the transboundary issue relates mainly to the difficulty of defining
spatial units and ecosystem types. In the marine environment, an
option could be to develop a global spatial data infrastructure
with common spatial grid referencing and ecosystem typology
hierarchy to aggregate spatial units. This development would
require a common international definition and classification of
marine ecosystems and related services. Also, economic accounts
require that different economic sectors impacting on, or bene-
fitting from, an ecosystem service are identified and monitored.
However, with reference to carbon, beneficiaries (of the carbon
sequestration service) and producers (of CO2 emissions) are both
locally and internationally located.
Ocean accounting practices, inclusive of shelf sea sediments,
have therefore the potential to provide continuous ecosystem
monitoring and a standardised set of ecosystem condition
indicators, possibly georeferenced at different scales for national
planning88. Depending on how these accounting data are col-
lected and analysed, they could contribute to improved under-
standing of ecosystem use and greater transparency on ecosystem
use and management89. This may also enable improved under-
standing and measurement of the often ambiguous synergies and
trade-offs between climate change impacts, climate change miti-
gation and SDG targets90, including the positive and negative
interrelationship between the targets of SDG 14 (life below water)
and SDG 13 (climate action)91.
The location and definition of who owns and is responsible for
any given carbon stock in the marine environment is essential for
safeguarding it. This becomes even more pressing when con-
sidering that globally the positions of around half of all maritime
boundaries are still contested, or that there are large areas without
sovereignty, such as the High Seas. If the carbon initially accu-
mulating in the territorial waters of several different countries is
disturbed and is redeposited outside their jurisdiction, the man-
agement and protection of the carbon stock may be transferred to
the responsibility of the country in which it is ultimately stored.
In this scenario, and in a scenario like the High Seas, where non-
exclusive rights are enjoyed by all countries, a range of so-called
free-riding behaviours might arise. Free riding over shelf seas may
result in a tragedy of the commons92 because the disturbance of a
carbon stock by anthropogenic activities for the benefit of some
will be to the detriment of the global mitigation benefits of carbon
sequestration. Scenarios of inadequate management of natural
resources can be a consequence of unclear delineation of natural
resource rights and responsibilities, and non-existing or inade-
quate existing governance and related accountability.
Ambiguous natural resource ownership and the challenging
monitoring of POC and related carbon stock accumulated in shelf
sea sediments are possibly the reasons why these carbon stores
have not yet been considered within carbon credit trading
schemes and for nationally determined contributions (NDCs)8.
Under the 2015 Paris Agreement, nation states are required to
submit voluntary emission reduction pledges in the form of
NDCs93 which are revised every 5 years; each revision requires an
improved mitigation contribution94. NDCs vary greatly in for-
mat, scope and structure95. A 2017 review indicated some NDCs
refer to carbon sequestration in marine ecosystems, for example
in mangroves and carbon fractions from terrestrial and marine
sources, but none to carbon stocks in shelf seas96.
In the North Sea, at the regional level, some international
agreements already exist for the protection of marine areas. The
UNEP Regional Seas Programme proposes a shared areas
approach97. This arrangement might reduce the local scale issue
of ecosystem management to reach global benefits. So far, the
UNEP Programme has 18 Regional Seas Programmes based on
Action Plans each underpinned by a Regional Sea Convention
(legally binding). Within each regional convention there is scope
for protocols which can address specific issues, one of which
could be the mobile nature of POC and the ecosystem service of
carbon sequestration it provides. Regional Seas Programmes
could also ensure the conservation of the carbon stocks, for
example addressing compensation measures for the restriction of
activities which may disrupt the stock accumulation process. The
UNEP administer some but not all the Regional Programmes; the
North-East Atlantic Region is coordinated by OSPAR.
Towards an integrated accounting and governance
framework
Similar to the case for migratory fish, we have investigated the
fate of transboundary carbon from science to policy in its itin-
erant ecosystem processes from carbon capture in the water
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column to the final accumulation of the particulate portion in
shelf sea sediments to consider: (1) how ownership of carbon
stocks in shelf sea sediments is distributed; (2) how these carbon
stocks should be measured and registered in national carbon
accounts; and (3) what arrangements can be made to ensure the
conservation of the carbon stocks.
Our review has highlighted the need to identify supranational
mechanisms capable of governing the challenges presented,
especially the challenge on limited data availability and standar-
disation. We highlight the need to develop new methods for
ocean physical and monetary accounting and incorporate this
new ocean accounting guidance, which includes the accounting of
carbon in shelf sea sediments, into new regulatory frameworks
and international agreements.
Meeting these will help address preservation of carbon stores in
the marine environment and foster collaboration between
neighbouring countries responsible for the interconnected and
collective impacts of economic activities on the global benefit of a
healthy climate. This may lead the way towards an accurately
defined share of carbon stock accounting between all countries
that have a role documenting and assisting with the management
of shelf sea storage of carbon that crosses the territorial bound-
aries of the marine waters it was captured in. This would also
require that the mitigation value of the carbon stocks in marine
settings was apportioned in some proportional manner to those
nations whose activities have generated some of the carbon now
stored in a carbon store located in a different jurisdiction.
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